INTRODUCTION
The polyamines spermidine and spermine are synthesized in all eukaryotic cells from the diamine putrescine which, in turn, derives from ornithine by the action of ornithine decarboxylase. Much is known about the biosynthesis, degradation and transport of polyamines [1] [2] [3] , but despite several decades of extensive research, their function in cellular physiology remains unsettled, and the only established function of polyamines is their absolute requirement for cell growth [1, 2] . In the heart, polyamine metabolism is affected strongly by numerous factors, both physiological and pathological, that influence cardiac function and growth [4] . An increase in heart polyamines is correlated, in particular, with hypertension [5] , and, in general, with cardiac hypertrophy [4, 6] .
Even if polyamines are necessary for growth processes, their excessive accumulation triggers apoptosis [7] [8] [9] [10] [11] . Activation of caspases represents a fundamental point in apoptosis [12] and mitochondria play a central role in this process [13] , since the release of an apoptogenic factor, like cytochrome c, into the cytosol is a crucial step for caspase activation [14] .
The mechanism by which cytochrome c is released from mitochondria during apoptosis is poorly understood. In itro, the induction of the mitochondrial permeability transition (MPT) causes the permeabilization of the outer mitochondrial membrane and the release of several solutes including cytochrome c [15] [16] [17] . However, cytochrome c leakage in apoptotic cells is evident before mitochondria damage [18] . Spermine causes the leakage of cytochrome c into the cytosol both in whole cells [11] and in cell extracts containing mitochondria along with cytosol [19] . In order to study the mechanism of spermine action, we tested the hypothesis that spermine could directly affect the translocation of cytochrome c. The present paper reports that polyamines can Abbreviations used : CEHC, chick embryo heart cells ; CsA, cyclosporin A ; MIB, mitochondria incubation buffer ; MPT, mitochondrial permeability transition ; P/O ratio, ratio of ATP synthesized/O 2 consumed. 1 To whom correspondence should be addressed (e-mail cstefan!biocfarm.unibo.it).
not affected by cyclosporin A, differently from the effect of permeability transition inducers. In a cardiac cell-free model of apoptosis, the latent caspase activity of cytosolic extracts from cardiomyocytes could be activated by cytochrome c released from spermine-treated heart mitochondria. These data indicate a novel mechanism of cytochrome c release from the mitochondrion, and suggest that prolonged and sustained elevation of polyamines, characteristic of some pathologies such as heart hypertrophy, could be involved in the development of apoptosis.
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promote cytochrome c exit from cardiac mitochondria. In addition, a cardiac cell-free model of apoptosis is described consisting of a cytosolic extract from embryonal cardiomyocytes, in which caspase activity can be triggered by the cytochrome c released from mitochondria by spermine.
MATERIALS AND METHODS

Materials
Spermine and other polyamines, horse heart cytochrome c, poly--lysine (molecular mass 1-4 kDa) and other biochemicals were products of Sigma. Monoclonal antibody against cytochrome c was obtained from Pharmingen.
Preparation of cardiac mitochondria
Mitochondria were prepared from the hearts of female Wistar rats weighing about 350 g by standard differential centrifugation followed by Percoll purification by implementation of the method used in our laboratory. Briefly, the hearts were homogenized gently with an Ultra Turrax apparatus in 3 vols (w\v) of 0.5 % BSA containing 180 mM KCl and 10 mM EDTA (pH 7.2). The homogenate was centrifuged for 5 min at 1000 g, and the supernatant was filtered and centrifuged for 10 min at 8000 g. The pellet was resuspended in 0.5 % BSA containing 180 mM KCl and 1 mM EDTA (pH 7.2) and centrifuged at 5000 g for 5 min. The final pellet was gently resuspended in 0.5 ml of mitochondria incubation buffer (MIB) consisting of 0.25 M sucrose, 1 mM KH # PO % and 10 mM Hepes (pH 7.4). This crude mitochondria preparation was diluted to a concentration of 10 mg of protein\ml, as determined by Coomassie Brilliant Blue staining using BSA as a standard, and was used as such.
Alternatively, intact mitochondria were isolated by Percoll fractionation [20] as follows. The crude mitochondria suspension (0.5 ml) was layered on top of 15 ml of a solution consisting of 30 % Percoll, 0.25 M sucrose, 1 mM EDTA and 10 mM Hepes (pH 7.4). Self-generating Percoll gradient was developed by centrifugation at 35 000 g for 30 min at 4 mC. The mitochondrial band was separated from less-dense contaminants and broken mitochondria, collected with a Pasteur pipette, and washed twice in 5 ml of MIB by centrifuging for 5 min at 8000 g. The final pellet was suspended in MIB at 10 mg of protein\ml. Mitochondrial function was assayed with standard oxymetric tests [21] . Oxygen consumption was monitored in an oxygen-electrode chamber (IC-Oxy, Gilson, France) at 25 mC in a final volume of 1.5 ml containing 0.5 mg of mitochondrial protein in MIB. Succinate (10 mM) was the oxidizable substrate (in the presence of 2 µM rotenone).
Release of cytochrome c from isolated mitochondria
An aliquot of 10 µl of the mitochondria preparation (0.1 mg of protein) was incubated for 15 min at 25 mC in a final volume of 50 µl of MIB containing 10 mM succinate and 2 µM rotenone (to give a final mitochondrial protein concentration of 2 mg\ml). Differences from these standard conditions of incubation are indicated in the text. At the end of the incubation, mitochondria were pelleted for 20 s in a benchtop centrifuge at 9000 g. Some of the clear supernatant (40 µl) was added with 10 µl of 5-foldconcentrated loading buffer and boiled for 3 min. Aliquots of 20 µl were subject to SDS\PAGE and Western-blotting analysis of cytochrome c. In some experiments, to reproducibly obtain a concentrated supernatant, 0.7 ml of mitochondria (7 mg of protein) were incubated in a final volume of 0.75 ml of MIB and pelleted as above for 45 s. To determine the protein pattern in this late supernatant, aliquots of 50 µl were analysed by SDS\ PAGE (15 % gel), followed by Coomassie Brilliant Blue staining.
Depletion of cytochrome c from supernatant of sperminetreated mitochondria was achieved by immunoprecipitation of cytochrome c as described by Chauhan et al. [22] . The concentration of cytochrome c in the samples was estimated by densitometric comparison with the bands of standard solutions of horse heart cytochrome c (2-20 ng) analysed together with samples. The activity of adenylate kinase, a marker of the mitochondria intermembrane space, was determined spectrophotometrically as described by Sottocasa et al. [23] , assaying 25 µl of sample in a final volume of 0.5 ml containing 2 µg\ml oligomycin.
Cytosolic extracts and caspase activation
Cytosolic extracts for caspase activation in itro were prepared from confluent cultures of chick embryo heart cells (CEHC), obtained and maintained as described in [24] . To prepare these extracts, the cells from 10-15 plates (10 cm diameter) were collected and washed in PBS. The cell pellet was then suspended in 0.4 ml of CFS buffer [25] , left for 10 min on ice and gently lysed in a glass-Teflon Potter-Elvehjem homogenizer with 70 strokes at medium speed. Cell lysis was confirmed by microscopic examination. The homogenate was centrifuged for 5 min at 1000 g to remove whole cells and nuclei. The supernatant was recentrifuged for 15 min at 16 000 g and the resulting supernatant finally centrifuged for 30 min at 100 000 g. Generally, these extracts contained about 5 mg of protein\ml. For the detection of caspase activation, 10 µl of cytosol were incubated for 1 h at 30 mC in a final volume of 40 µl along with (when added) 1 mM MgCl # , 1 mM dATP, and either 100 ng of cytochrome c or 20 µl of supernatant obtained from incubations of mitochondria. At the end of the incubation, an aliquot of 10 µl in duplicate was used for the caspase assay. The activity of caspase enzymes was measured by the cleavage of the fluorogenic peptide substrate acetyl-Asp-Glu-Val-Asp-amido-4-methylcoumarin (Ac-DEVD-AMC) in a final volume of 30 µl during a 15 min incubation at 37 mC as described previously in detail [26] .
Western blotting
Aliquots of each sample obtained from incubation of mitochondria were analysed for cytochrome c by SDS\PAGE on a 15 % polyacrylamide gel. Standard protein markers were used for molecular-mass calibration. After blotting on a nitrocellulose membrane, this was blocked with 5 % non-fat milk, washed with Tris-buffered saline, and probed for 30 min with specific primary antibody. After a further washing, the membrane was incubated for 30 min with the secondary antibody (horseradish peroxidaseconjugated anti-mouse IgG). After washing, immunoreactive bands were visualized with an enhanced chemiluminescence kit (Amersham).
RESULTS
Under normal conditions cytochrome c is found only in the mitochondrial intermembrane space. In order to assess whether polyamines could induce its exit, a crude preparation of rat heart mitochondria was incubated with increasing concentrations of the polyamines spermine or spermidine or the diamine putrescine. Supernatants were collected and subjected to Western-blot analysis with a monoclonal antibody to cytochrome c. In untreated mitochondria, the release of cytochrome c was very low or not detectable, depending on the mitochondrial preparation, for at least 60 min. In contrast, cytochrome c was present in the supernatants of mitochondria incubated for 15 min with polyamines ( Figure 1A) . Spermine was the most effective, and the increase in cytochrome c was largely stimulated at the concentration of 10 µM and maximal at 100 µM. Higher polyamine concentrations did not further increase the leakage of cytochrome c. Spermidine was reproducibly less effective than spermine at low concentration (10 µM), but the release of cytochrome c was clearly evident when its concentration was raised to or above 100 µM. Putrescine had no effect up to 1 mM (results not shown).
Under standard conditions represented by a 15 min incubation in the presence of 100 µM spermine, the amount of cytochrome c found in the supernatant of mitochondrial incubations was only dependent on the concentration of mitochondria. Based on the comparison with cytochrome c standards of known concentration and densitometric analysis of the bands, a release of about 0.2 µg of cytochrome c\mg of protein could be estimated.
To determine whether the leakage of cytochrome c in sperminetreated mitochondria was a selective process, a concentrated supernatant was obtained (see the Materials and methods section). Equal volumes (50 µl) of supernatants from mitochondrial incubations were analysed by SDS\PAGE followed by Coomassie Brilliant Blue staining ( Figure 1B) . The protein pattern in the supernatants of control and spermine-treated mitochondria were similar, and probably due to contamination of the mitochondrial preparation. In contrast, massive and generalized leakage of mitochondrial protein has been described when the release of cytochrome c was caused by MPT [16] . The sensitivity of the Coomassie Brilliant Blue staining was too low to allow a clear visualization of the minute amount of released cytochrome c, but a shading in the position expected for cytochrome c was present in polyamine-treated samples. In order to obtain quantitative data for released proteins, aliquots of the supernatants were assayed for cytochrome c by Western blotting followed by densitometry, and for adenylate kinase activity, which is a marker of the intermembrane space [23] and is released following mitochondrial damage [16, 27] . Figure 1(C) shows that the large increase in cytochrome c concentration in the supernatant of spermine-treated mitochondria was not accompanied by any increase in adenylate kinase activity.
In order to confirm that cytochrome c is released from intact mitochondria and not from unspecific binding sites, mitochondria were purified further by Percoll fractionation, which separates intact mitochondria from lighter, damaged, ones [20, 21] . Actually, centrifugation on a self-generating Percoll gradient (Figure 2A ) separated heavier mitochondria from lighter contaminants, consisting of damaged mitochondria and membrane fragments, represented on Figure 2 (A) by the broad fraction B and the very light fraction A, respectively. Mitochondria in fraction C accounted for more than half of the protein content of crude preparations (59p4 %, n l 11) and were fully functional in standard oxymetric tests. They were strictly coupled (differently from bands A and B) and exhibited a respiratory control ratio of 3.8p0.2 using succinate (jrotenone) as substrate and a P\O ratio (the ratio of ATP synthesized\O # consumed) of 1.59p0.02, which are good values for heart mitochondria [21] .
To determine the contribution of each fraction to the release of cytochrome c by spermine we introduced a polylysine test. This test is based on the ability of basic peptides, such as polylysine, to detach cytochrome c bound to artificial membranes [28] . A commercial preparation of polylysine consisting of peptides of different chain lengths with molecular masses from 1 to 4 kDa was used. In preliminary experiments (results not shown) we determined that polylysine at a concentration of 10 µg\ml (10-40 µM) released virtually all of the bound cytocrome c from a membrane model consisting of phospholipid large unilamellar vesicles. A concentration of 100 µM spermine was required to obtain a similar effect. Next we compared the effects of polylysine and spermine on the fractions obtained from Percoll fractionation ( Figure 2B ). The fractions were washed and suspended in MIB (10 mg\ml). Aliquots of 0.1 mg of protein of each fraction were then incubated for 15 min with 100 µM spermine, or 100 µg\ml polylysine, or vehicle alone (controls). In the very light fraction A, spermine and polylysine slightly increased the amount of cytochrome c in the supernatant. In fraction B, both spermine and polylysine caused a marked accumulation of cytochrome c in the soluble fraction. In fraction C, consisting of functional coupled mitochondria, only spermine and not polylysine induced cytochrome c release from the particulate portion. The release of cytochrome c by polylysine means that cytochrome c is electrostatically linked to membrane fragments, or is located in mitochondria with the damaged external membranes, allowing the passage of polylysine. Thus the negativity of fraction C to the polylysine test is a proof of the integrity of mitochondria, and demonstrates that the effect of spermine is specific. Percoll-purified mitochondria of fraction C were used in all the following experiments.
Several reports have shown that induction of MPT results in the release of cytochrome c from the intermembrane space of the mitochondrion [15] [16] [17] 26, 27, 29] . It seems improbable that spermine utilizes a similar mechanism to induce cytochrome c leakage, because the polyamine is a powerful inhibitor of MPT in heart mitochondria [30] . To confirm this prediction, we compared the effects of cyclosporin A (CsA), an MPT inhibitor [31] , on the release of cytochrome c caused by spermine or MPT induction. A high level of Ca# + in combination with a triggering agent, such as elevated inorganic phosphate concentration, represents a classical inducer of MPT, which causes a CsA- Figure 3 The release of cytochrome c from spermine-treated mitochondria is independent of the permeability transition (A) Percoll-purified mitochondria (2 mg/ml) were incubated for 15 min without any treatment (Ctrl) or in the presence of 100 µM spermine (Spm), 200 µM Ca 2 + plus 15 mM phosphate (Ca/P), 5 mM atractyloside (Atr) or 100 µM t-butyl hydroperoxide (tBOOH). Following centrifugation, cytochrome c was determined by Western blotting in the supernatant. (B) CsA (1 µM) was added, where indicated, to mitochondria incubated with Ca 2 + plus phosphate, or spermine, as described above. These experiments were repeated twice with similar results.
Figure 4 Spermine causes the rapid release of a definite amount of cytochrome c from mitochondria
(A) Percoll-purified mitochondria (2 mg/ml) were incubated for 15 min in the presence of the indicated concentrations of spermine. Following centrifugation, cytochrome c was determined by Western blotting in both the mitochondrial pellet and the supernatant. (B) Percoll-purified mitochondria (2 mg/ml) were incubated for the indicated times in the presence of 100 µM spermine prior of centrifugation and cytochrome c determination in the supernatant.
inhibitable release of cytochrome c [16, 17] . Actually, MTP induction by Ca# + plus phosphate, as well as by atractyloside or t-butyl hydroperoxide, caused the release of cytochrome c to an extent similar to spermine ( Figure 3A) . However, the leakage of cytochrome c triggered by Ca# + plus phosphate was inhibited by CsA, a classical inhibitor of MPT, whereas CsA did not block the effect of spermine ( Figure 3B) .
Altogether, the data presented in Figures 2 and 3 show that spermine triggers the leakage of cytochrome c from intact mitochondria, without causing any apparent damage. This was also confirmed by the lack of any significant effect of spermine on the mitochondrial function measured by oxymetric tests (respiratory control ratio 3.7p0.3 and P\O ratio 1.53p0.07 in the presence of 100 µM spermine).
The correlation between spermine concentration and cytochrome c release in intact mitochondria of fraction C was similar to that previously observed in crude mitochondria. At a concentration of 100 µM spermine, maximum release of cytochrome c was achieved ( Figure 4A ). The released cytochrome c was a small fraction of the overall protein, accounting for 5-10 % of the total mitochondrial cytochrome c, as determined by densitometry. The release of cytochrome c was a rapid event, and Caspase cascade can be initiated in itro in cytosolic extracts from several cell lines by the addition of cytochrome c together with dATP [14] . In order to establish a cardiac cell-free model of apoptosis, we obtained cytosolic extracts from CEHC. These non-transformed heart cells can be easily obtained in large quantities, and express a high caspase activity, albeit usually latent [24] . Figure 5 (A) shows that cytosolic extracts from CEHC represent a good model, with a very low degree of spontaneous caspase auto-activation. Caspase activity, however, can be triggered if dATP and cytochrome c are both added to cytosol. Thus the ability of supernatants from spermine-treated mitochondria to trigger caspase activation in this extract was assessed ( Figure 5B ). When CEHC cytosols enriched with dATP were mixed with supernatants from untreated control mitochondria, not containing cytochrome c, caspase activity remained latent. In contrast, cytochrome c-containing supernatants from spermine-treated motochondria gained the ability to trigger caspase activity, and this effect was abolished by immunodepletion of cytochrome c from the supernatants.
DISCUSSION
The interaction of polyamines with mitochondria has been known about for many years. Polyamines are specifically transported into heart [32] and liver [33] mitochondria, where they appear to exert several functions, generally protective. For example, spermine regulates calcium transport [34] , ATP synthesis [35] , the ATP\ADP carrier [36] , glutathione extrusion [37] , transport of cytosolic enzymes [38, 39] and is a strong inhibitor of MPT [30, 34, 37] . In the current report we have described a novel and unexpected effect of polyamines : the induction of cytochrome c release from heart mitochondria. Similarly to other mitochondrial actions of polyamines, spermine is more potent than spermidine, whereas putrescine has no effect.
At present, we can only speculate about the mechanism used by polyamines to cause cytochrome c translocation out of the mitochondrion. However, the exit of cytochrome c is not caused by damage to the mitochondrial membranes. Unlike other models in which cytochrome c leakage from mitochondria is induced by caspases [40] , the pro-apoptotic protein Bax [27, 29] or various treatments targeting mitochondria [15] [16] [17] , MPT is not involved, as expected on the basis of the inhibitory effect of spermine on MPT itself. To our knowledge, the present report is the first to describe the release of cytochrome c by a small physiological and ubiquitous molecule that does not cause mitochondrial damage. Spermine is acknowledged to be a protector of mitochondrial function. Evidently, the limited amount of cytochrome c released from spermine-treated mitochondria does not preclude mitochondrial respiration. In this way spermine may allow the ATP production necessary for the completion of the apoptotic program [13] .
The effect of spermine is selective, rapid and saturable, suggesting the presence of a binding site specific for its action. Spermine is already known to influence the movement of proteins across the external membrane of mitochondria [38, 39] , but one intriguing question may be why only a small fraction of cytochrome c is released. This finding suggests the existence of an exchangeable sub-population of the protein. Actually, a small cytochrome c pool with this characteristic has been described [41] . Further work is required to clarify this point.
The physiological relevance of our findings remains to be determined. However, it is intriguing that the translocation of cytochrome c into the cytosol represents a central point in many forms of apoptosis, since cytochrome c is a fundamental component of the apoptosome, responsible for caspase activation [42] . Recently, this mitochondrial pathway of apoptosis has been found also in intact cardiomyocytes [43] . We have described here a cardiac cell-free model of apoptosis : caspase activity in cytosol of embryonal cardiomyocytes is triggered by the cytochrome c released from mitochondria by spermine. The described cell-free model can directly explain the toxicity of an excessively high level of intracellular spermine [11, 44] . In fact, spermine and spermidine are present in high amounts within the cells, but are acknowledged to be almost totally bound to anionic structures, leaving only low concentrations of free polyamines [45] . In addition, our data also suggest a possible involvement of polyamines in some pathological forms of apoptosis. Cardiac hypertrophy, either pharmacologically induced or consequent to hypertension, is characterized by a large and prolonged increase in polyamine level [4] [5] [6] , and is coupled to excessive apoptosis [46, 47] . The abnormal accumulation of polyamines in cells stimulated to growth, but which cannot divide, may contribute to induction of apoptosis by causing the release of cytochrome c that could trigger caspase activation directly or by lowering the threshold of sensitivity to other pro-apoptotic stimuli.
